Background
Bronchial complications were a real conundrum in the pioneering experience of lung transplantation in the 1960s. The primary bronchial complications were necrosis and dehiscence [1] . One possible explanation for the development of these complications is the fact that the lung is the only organ where the arterial systemic blood supply is not routinely restored during transplantation; although surgical replacement of the arterial system has been tried in the past, it failed to produce clinical improvement [2, 3] . The body's natural reestablishment of the bronchial arterial circulation after lung transplantation can take up to 4 weeks. During that interval, the retrograde blood flow from the pulmonary circulation via collaterals maintains the viability of the donor bronchus [4] .
Several studies showed important variations in the incidence of central airway complications after lung transplant, from 1.6% to 32%, with an associated mortality rate of 2% to 4% [5, 6] . A recent analysis by our group found an incidence of central airway complications approaching 20% in a large group of lung transplant recipients observed over 10 years [7] . There is no universally accepted classification system of central airway complications after lung transplant. Four classification systems for airway complications after lung transplant have been published in recent years [8] [9] [10] [11] . The major risk factors are immediate postoperative ischemia of the donor bronchi, length of the donor bronchi, surgical technique used, presence of microbial agents before the transplant in the recipient and donor bronchi, postoperative infections, postoperative mechanical ventilation, and use of immunosuppressant agents [12] [13] [14] A recent study published by our group demonstrated that bronchial complications after lung transplantation were associated with primary lung graft dysfunction and specific surgical techniques [7] .A reduction in the frequency of post-transplantation bronchial complications was obtained by improving transplant preservation techniques and donor/ recipient screening. The most common complication that may require endoscopic treatment is the presence of bronchial stenosis, followed by bronchial dehiscence, obstructive granulomas, bronchomalacia, bronchial fistulae, and endobronchial infections [15] .
Bronchial stenosis generally occurs between 2 and 9 months after the surgical period, typically after extensive necrosis, dehiscence, and Aspergillus infections [6] . However, there are sometimes no previously documented lesions before the development of bronchial stenosis, which can be observed at the site of the anastomosis and also in the bronchi distal to the anastomosis, with or without anastomotic stenosis. A higher prevalence of distal stenosis located at the bronchus intermedius has been described, causing complete occlusion in nearly 2% of cases, otherwise known as the "vanishing bronchus intermedius syndrome" [16] [17] [18] [19] . The clinical and functional impact of central airway stenosis (CAS) after lung transplantation, however, has never before been reported.
Material and Methods

Study design
We performed a retrospective analysis of patients who underwent lung transplantation at our institution between June 1, 2009 and August 31, 2014, enabling a significant follow-up. The study was approved by the Institutional Review Board of the French learned society for respiratory medicine -"Société de Pneumologie de Langue Française" (CEPR no 2018-003). To qualify for inclusion, all patients had to present: 1) a bilateral lung transplantation; 2) at least 1 post-transplant follow-up visit and endoscopic test to verify the presence or absence of bronchial stenosis; and 3) a post-transplant survival time of >3 months. The choice of June 2009 as the beginning of our study is related to modifications to our immunosuppressive protocol for basiliximab as induction therapy followed by tacrolimus, mycophenolate mofetil (MMF), and steroids, to obtain a homogeneous cohort in terms of immunosuppressive regimen. Since we wanted to compare pulmonary function tests, patients who had received single-lung transplants and cardiopulmonary transplants were excluded.
The same surgical team performed the lung transplantations throughout the whole study period. Before June 1 st , 2012, the technique consisted of trimming the donor bronchus down to 1 cartilaginous ring above the first bronchial division. From June 1 st , 2012, we modified our surgical technique [7] : the anastomosis of the right main bronchus was performed more distally by wedge excision of the proximal-medial part of the bronchus intermedius, and on the left, the main bronchus was shifted further down to the lobar bifurcation. The anastomoses were sewn with a single suture of absorbable monofilament and covered with the surrounding fat tissue from the donor.
The main characteristics analyzed were age, sex, smoking status, and indication for lung transplantation. Other parameters considered were pre-transplantation body mass index (BMI) and cytomegalovirus (CMV) status of donor and recipients. The correlation between CAS and postoperative lung function and overall survival was evaluated. Respiratory function tests were evaluated at 1, 6, 12, and 18 months after transplantation. We recorded forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC), and FEV1/FVC ratio. We also analyzed the respiratory infection rate and length of hospitalization for any cause after lung transplant, acute rejection episodes, chronic rejection during the post-transplantation follow-up, and grade of dyspnea at 18 months. Bronchial endoscopy evaluation was routinely performed at 24 h, 1 month, and 1 year following lung transplantation, or after clinical indication (lung function deterioration, significant respiratory infections, or respiratory symptoms such as dyspnea).
We chose to evaluate only bilateral lung transplant recipients to avoid any possible underestimation of bronchial stenosis incidence and of the lung function tests related to unilateral transplantation. We excluded recipients who died in the first 3 months after lung transplantation to avoid evaluating patients with early deaths either not related to bronchial stenosis or too early to be related to the development of this type of complication. The cut-off point of 3 months was chosen as per previous studies to separate "early" and "late" airway complications.
Objectives
The main objective of our study was to evaluate the impact of CAS after lung transplantation on lung function tests. Secondary endpoints were the incidence of respiratory infections and acute rejection episodes, hospitalization length, and mortality. For respiratory infections, we only considered severe episodes that required hospitalization.
Central airway stenosis
We included all patients whose transplantation dated back to at least 3 months and presented with bronchial stenosis of stricture or malacia, at anastomotic or non-anastomotic sites (main or lobar bronchi), with a smaller diameter than that of the fiberscope caliber (Olympus BFQ™ 180, 5.1 mm), regardless of the presence of respiratory symptoms or impact on lung function tests. All patients were treated endoscopically at least once by a multimodal approach. Balloon dilatation was usually the first intervention performed, although multiple procedures were often necessary. In cases involving symptomatic and recalcitrant CAS, we used bronchial stenting by means of silicon stents or covered self-expanding metal stents (Novatech ® GSS™, Tracheobronxane™ Dumon ® or Aerstent ® , Leufen Medical GmbH, Berlin, Germany). Occasionally, we treated CAS using electrocautery, laser, or dilatation with rigid bronchoscopy. Stents were removed in case of obstruction by tissue granulation, recurrent mucus plugging infections, or when no longer useful.
Statistical analysis
Qualitative variables are expressed as percentages and continuous variables as means (± standard deviation [SD]) or medians (interquartile range), as appropriate. Comparisons of qualitative variables were performed using the chi-squared test and continuous variables with the t test or Wilcoxon-Mann-Whitney U test, according to the distribution (Shapiro-Wilk test). For analysis of lung function tests at 1, 6, 12, and 18 months, we used repeated-measures ANOVA with Bonferroni correction for multiple comparisons. Survival analyses are presented as Kaplan-Meier curves. For all tests, the statistical significance threshold was set at p<0.05. Figures and statistical analyses were performed using R studio software with the packages "ggplot2" and "stats" (Bioconductor software suite).
Results
A total of 191 patients underwent lung transplantation during the recruitment period. Of them, 175 (93%) underwent bilateral lung transplantations, 15 (7%) had single-lung transplantations, and 1 had a cardiopulmonary transplantation. There were 14 (8%) deaths in the first 3 months following lung transplantation, and these patients were removed from the evaluation of primary and secondary endpoints. A total of 161 remaining patients were evaluated in our cohort analysis (Figure 1 ). Their detailed characteristics are presented in Table 1 .
Of these 161 remaining patients, 22 (13.6%) exhibited developing bronchial stenosis requiring endoscopic treatment during the follow-up. CAS was diagnosed at a median time of 98 days after transplantation (interquartile range: 78-115). No new case of CAS was detected at or after the 1-year systematic follow-up bronchial endoscopy. Nine patients (41%) presented bilateral stenosis, 7 (32%) had right-sided bronchial stenosis, and 6 (25%) had left-sided stenosis. Among these 31 CAS cases, 3 were characterized by predominant malacia. All the patients who exhibited developing bronchial stenosis were treated in the 1 st year post-transplantation, using bronchial balloon dilatation (CRE pulmonary balloon dilator, Boston scientific, Marlborough, MA 01752, USA) in at least 1 session, with a maximum of 18 sessions of bronchial endoscopy necessary for 1 subject. Nine patients (43%) were treated by endobronchial stenting (Figures 2, 3 ).
Respiratory function tests (Table 2 ) revealed progressive improvement over the 18 months post-transplantation in patients without CAS, versus continued stability of FEV1 in the group with CAS (Figure 4 ). FVC increased steadily in both groups during follow-up. As a consequence, FEV1/FVC ratio ( Figure 5 ) remained stable in recipients without CAS; in the stenosis group, we observed progressive decline in the FEV/FVC ratio, with the development of an obstructive ventilatory pattern. At 18 months post-transplant, patients with CAS had an FEV1/ FVC of 61±14%, with a mean FEV1 that was 0.61 L lower than in patients without CAS. In some cases of unilateral stenosis, the flow-volume curve displayed a biconcave shape ( Figure 6 ).
Respiratory infection episodes were significantly increased in the group with bronchial stenosis. During follow-up, 92 (66%) patients in the group without CAS had at least 1 hospitalization, compared to 20 (91%) in the CAS group (p=0.036). Length of hospitalization for any cause was also increased in lung transplant recipients who developed CAS: we found an average of 144±109 days in patients with CAS, compared to Data are expressed as median [range] or number (%). CF -cystic fibrosis; COPD -chronic obstructive pulmonary disease; BMI -body mass index; IPF -idiopathic pulmonary fibrosis; LTx -lung transplantation; CMV -cytomegalovirus; High Emergency -French allocation system for priority lung allocation; AR -acute rejection; BOS -bronchiolitis obliterans syndrome; PPH -primary pulmonary hypertension; D -donor; R -recipient.
103±83 days in the other group (p=0.042). At 18 months after transplantation, the majority of patients with or without CAS did not complain of significant dyspnea during exercise:
about 80% of the patients in the 2 groups had grade 0 dyspnea on the modified Medical Research Council dyspnea scale. We also considered the association of bronchial stenosis and acute rejection episodes: 65 patients out 161 (40%) presented at least 1 episode confirmed by histopathological diagnosis during the follow-up. In particular, 6 patients (3%) presented 2 episodes, 2 (1%) presented 3, and the remaining recipients had only single episodes. We found no significant association between bronchial stenosis and acute rejection. During the follow-up period, 25 of the non-CAS patients (18%) developed bronchiolitis obliterans syndrome (BOS), compared to 6 (27%) in the CAS group. No patient experienced a restrictive chronic lung allograft dysfunction.
By observing the Kaplan-Meier survival curves (Figure 7 ) of patients with or without CAS (conditional on survival to 3 months), no significant difference seems to exist between the curves, which furthermore show a crossing. The 1000-day survival was 88.5±2.8% for the non-CAS group and 90.2±6.6% for others (NS). The log rank test and alternative tests (generalized Wilcoxon and Tarone-Ware) showed non-significant results. 
Discussion
Bronchial stenosis has been a major cause of comorbidity and mortality since the very first experiments with lung transplantation, and is still a frequent complication in the literature. The prevalence of central airway complications varies widely depending on the reporting system. The prevalence of this type of complication is high, reaching up to 33% if all patients with abnormal findings by routine bronchoscopy were reported regardless of need for intervention or associated symptoms. On the other hand, if the reporting system counts only the airway complications that are associated with symptoms, the prevalence of central airway complications is relatively low. The prevalence of CAS requiring endoscopic treatment was 13.6% in our study. According to different studies [4] [5] [6] [7] [8] , between 9% and 13% of patients developed anastomotic strictures severe enough to require endoscopic treatment.
In our study, lung function tests revealed a different course in recipients who developed CAS from those who did not. In the group of patients without CAS, mean FEV1 increased steadily while mean FEV1/FVC remained largely over 80%, reflecting a normal ventilatory pattern for most of the patients during the 18-month follow-up period. Conversely, patients with CAS developed progressive airflow limitation characterized by increased FVC, inability to improve their FEV1, and decreased FEV1/FVC ratio as a result. It must be emphasized that using the percentage of best FEV1 (average of the 2 highest postoperative values), as recommended by the International Society for Heart and Lung Transplantation, may not correctly reflect the impact of CAS. It can be difficult based on pulmonary function tests alone to differentiate the effect of CAS from the occurrence of BOS. However, CAS generally begins soon after transplantation, whereas BOS occurs later on, up to 1 year or even more, following transplantation. Furthermore, the aspect of the flow-volume loop can help differentiate CAS from BOS, as mentioned elsewhere [6] . As an example, Figure 6 shows a biconcave loop in a patient with a bilateral lung transplantation complicated by unilateral CAS, suggesting that the lung with normal central airways empties and fills more rapidly than the lung with CAS.
We did not assess the consequences of the persistent airflow limitation in patients with CAS on quality of life. However, it does not seem that lung function impairment translated into respiratory symptoms, since the same high proportion of patients (≈ 80%) had no significant dyspnea (grade 0 mMRC) in the CAS group compared to the no CAS group.
We must assume that the difference in respiratory functional outcomes and rates of broncho-pulmonary infections between patients with CAS compared to those without is attributable to the persistence of bronchial stenosis, despite our multimodality endoscopic treatment. In our experience, respiratory infections and hospitalizations for any cause were both increased in patients with CAS. The relationship between CAS and broncho-pulmonary infections may be a two-way process. Different studies have in fact reported that early posttransplant broncho-pulmonary infections are a risk factor for CAS. On the other hand, CAS by itself and the presence of airway stents, which are foreign bodies, can also favor these infections. We also focused our attention on mortality related to post-transplantation CAS. Survival in our patients who developed bronchial stenosis was not different compared to that of lung transplant recipients without CAS, although the small number of patients does not allow firm conclusions. Our findings differed to those of Hayanga [20] , who found that increased mortality was correlated with airway complications in a large cohort collected retrospectively by the United Network for Organ Sharing data. However, they found lower prevalence of airway complications (1.4%), suggesting that only severe cases were reported in this registry. In a cohort of lung transplant recipients evaluated by Cho et al. [21] , the prevalence of central airway complications was higher than in previous studies, rated at 39%, while CAS did not seem to affect lung function tests (data not shown). In this last study, bronchial complications were managed by either surgical or endoscopic means. They did not worsen the clinical outcomes of the lung transplant recipients and did not correlate with increased incidence of BOS. Finally, in the cohort of Duke University Medical Center evaluated by Shofer et al. [22] , CAS affected 13% of lung transplant recipients, yet impacted neither survival nor BOS incidence. However, CAS was responsible for a substantial decline in spirometry before bronchoscopic treatment in 40% of patients (at least 200 mL loss of FEV1). Median FEV1 increased by 0.38 L in cases involving stent insertion and by 0.12 L with bronchoplasty alone.
Our study has a number of strengths as well as limitations, including its single-center and retrospective methodology. However, it is the largest study yet reporting the long-term evolution of lung function after CAS. It is still debatable if a different approach of endoscopic or surgical treatment could have led to better results, or, conversely, to more frequent complications [23] . It is possible that innovation in stent technology will enable better management of some difficult situations. For example, three-dimensional, computer-assisted customized airway stents [24] or biodegradable stents may help to treat complex CAS. Finally, we could not assess the impact of the impaired lung function in CAS patients on their quality of life.
Conclusions
CAS appears to not be a risk factor for mortality after lung transplantation if correctly managed with endoscopic treatment, yet it remains a cause of morbidity and deteriorating lung function.
Conflicts of interest
None.
